INTRODUCTION
Seiler & Al-Therib (1974~) suggested that, in mammalian brain, putrescine (1,4-diaminobutane) is catabolized via the sequential activities of an acetyltransferase (EC 2.3.1 .57) (Seiler & Al-Therib, 1974 b) and monoamine oxidase (EC 1 .4.3.4) , with 4-acetamidobutyrate and 4-aminobutyrate (Seiler et ul., 1979) as further intermediates in the pathway. Putrescine is also an intermediate in the degradation of the polyamines spermine (1,12-diamin0-4,9-diazadodecane) and spermidine (1,8-diamin0-4-azaoctane) in both mammalian tissues (Seiler et a/., 1980; Pegg et al., 1981) and yeasts (Haywood & Large, 1985) . In both these systems the polyamines are converted into putrescine via an initial acetylation involving an N-acetyltransferase and a second step involving cleavage of the secondary amino group(s) by polyamine oxidase . A scheme was proposed by Haywood & Large (1985) for the complete catabolism of the C3 and C, moieties of spermidine.
The present paper investigates the later step in this proposed pathway in which 4-acetamidobutyrate is deacetylated to 4-aminobutyrate. A number of N-deacetylase enzymes have been described previously. Aminoacylase (N-acylamino acid amidohydrolase ; EC 3.5.1 .4) is widely distributed in animal tissues, fungi and bacteria and has been extensively studied (Greenstein & Winitz, 1961) . It catalyses the hydrolysis of various N-acyl-a-amino acids. Other N-deacetylases include N-acetylspermidine deacetylase (Libby, 1978) , histone deacetylase (Inoue & Fujimoto, 1969; Libby, 1970) , cN-acetyl-L-lysine deacetylase (Paik et al., 1957; Chibata et al., 1964) and N-acetyl-P-alanine deacetylase (EC 3.5.1.21) (Fujimoto et al., 1968) . Deacetylation of 5-acetamidopentanoate also plays a key role in lysine catabolism in yeasts and moulds (Guengerich & Broquist, 1976 ).
An N-acetyl-P-alanine deacetylase of the type purified by Fujimoto et al. (1968) from hog kidney could account for the deacetylation of the C3-fragment formed from spermidine (Haywood &Large, 1985) , but as it is inactive with 4-acetamidobutyrate, it could not account for the deacetylation of the product of putrescine catabolism. The present paper demonstrates that 4-acetamidobutyrate deacetylase is formed in cells of Candida boidinii grown on spermidine or putrescine.
METHODS

Materials
. N-Acetyl-P-alanine and 5-acetamidopentanoate were synthesized as described by Fujimoto et al. (1968) . As it proved difficult to crystallize them, itheir purity and identity were established by subjecting them to TLC on silica gel 60 (Merck). Both gave only a single spot in two different solvent systems (Seiler & Al-Therib, 1974a) , and the RF values, along with other acetamido derivatives, in the organic phase of butan-l-ol/acetic acid/water (4 : 1 : 1, by vol.) were N-acetylglycine, 0.57 ; N-acetyl-P-alanine, 0.63 ; 4-acetamidobutyrate, 0.65 ; 5-acetamidopentanoate, 0.68 ; and 6-acetamidohex anoate, 0-7 1. 4-Acetamidobutyrate and 6-acetamidohexanoate were obtained from Aldrich Chemical Co. N-Acetylputrescine and N ' -acetylspermidine were synthesized as described by Tabor et al. (1971) and standardized by using the benzylamine/putrescine oxidase of Pichiapastoris (as described by Green et al., 1983) . 'Gabase', a crude preparation of 4-aminobutyrate aminotransferase (EC 2.6.1 .19) and succinate-semialdehyde dehydrogenase (EC 1 .2.1.16), was prepared from Pseudomonas JIuorescens ATCC 13430 as described by Jakoby (I 962a). Enzymes and other chemicals were obtained from Sigma or Fisons Scientific Apparatus. Yeast cultures were obtained from the Centraalbureau voor Schimmelcultures (Yeast Division), Delft, The Netherlands.
Maintenance and growth ofthe yeasts. These have been described previously (Haywood & Large, 1981) . The carbon source was 55 mM-glucose and the nitrogen sources were 10 mM, except ammonium (30 mM), and spermidine (5 mM).
Enzyme assays. 4-Acetamidobutyrate deacetylase was assayed as follows. (A, B, C) The assay mixture (total vol. 1 ml) contained 80 pmol potassium phosphate buffer pH 8.0, 3 pmol 4-acetamidobutyrate and enzyme. After 30 min incubation at 25 "C, the reaction was stopped by adding 0.2 m12 M-HCIO, (control sample stopped at zero time). The mixture was neutralized with KOH and centrifuged to remove precipitated material. The activity was calculated from the amount of product formed, this being measured in three possible ways: (A) by estimation of the 4-aminobutyrate formed using 'gabase' by the method of Jakoby (19623) ; (B) by estimation of the liberated amino groups by the method of Satake et al. (1960) ; (C) by estimation of the liberated acetate using a Boehringer acetic acid test-combination kit (cat. no. 148-2611. Method B was unsuitable for compounds with more than one amino group. (D) A continuous assay was used in certain cases containing (total vol. 1 ml): 80pmol sodium pyrophosphate buffer pH 8.6, 0.25 pmol NADP' , 1 pmol 2-oxoglutarate, 0.5 units 'gabase' and enzyme. After measurement of the rate of endogenous NADPH production the reaction was started by the addition of 3 pmol4-acetamidobutyrate and followed at 25 "C and 340 nm against a blank containing all components except substrate.
One unit of enzyme is the amount required to c&alyse the formation of product from 4-acetamidobutyrate at a rate of 1 pmol min-l under these conditions. Activity values are representative rather than mean values. The data in Tables 2 and 5 are of value only to allow comparisons to be made between substrates or between organisms. In the case of negative results, at least three separate extracts of the same organism were examined. Kinetic data were determined by Lineweaver-Burk plots that were fitted to the data by using a linear regression program as described by Brook & Large (1976) .
Catalase and peroxidase were assayed as described by Haywood & Large (1981) , polyamine oxidase as described by Haywood & Large (1984) , diamine acetyltransferase as described by Haywood & Large (1985) , malate dehydrogenase, lactate dehydrogenase and alcohol dehydrogenase as described by Bergmeyer (1 974) and citrate synthase as described by Shepherd & Garland (1969) . Acetylputrescine oxidase was assayed as for C. boidinii benzylamine oxidase (Haywood & Large, 1981) except that the reaction was started with 3pmol acetylputrescine in place of benzylamine.
Enzymic changes during adaptation from growth ou ammonia to growth onputrescine. This experiment was done as described previously (Haywood & Large, 1984) except that 10 mM-putrescine was used as nitrogen source rather than 5 mM-spermidhe.
Preparation of cell-free extracts. This was done using a French pressure cell as described previously (Haywood & Large, 1981) .
Stoicheiometry of the 4-acetamidobutyrate deacetylase reaction. The stoicheiometry was determined with two reaction mixtures, a test and a control terminated at zero time. These contained 350 pmol potassium phosphate buffer pH 8.0, 14 pmol 4-acetamidobutyrate and 50 pg purified enzyme in a final volume of 4 ml. HC104 (2 M, 0.5 ml) was added to the control at zero time, while the test mixture was incubated at 25 "C for 90 min before the HClO, was added. Both samples were adjusted to pH 8-0 with KOH and the precipitated material was removed by centrifugation. Samples were used for the estimation of 4-aminobutyrate using 'gabase' as described by Jakoby * By assay method D.
(1962b), and acetate was estimated using the Boehringer test kit. A further sample was hydrolysed for 16 h at I10 "C with 6 M-HCl, after which time the 4-aminobutyrate was estimated using 'gabase' (Jakoby, 1962b) . By subtraction of the 4-aminobutyrate present at the end of reaction from the total determined after hydrolysis it was possible to calculate the amount of 4-acetamidobutyrate consumed during the reaction. Experiments with standards indicated that the analytical techniques were accurate to within 10%. Purijication of 4-acetamidobutyrate deacetylase. (a) Preparation of crude extract. Candida boidinii grown on putrescine or 1,3-diaminopropane was suspended in 1 vol. 5 mM-pOtaSSiUm phosphate pH 7.0 and passed through a French pressure cell (Haywood & Large, I981 ). The extract was centrifuged at 40000 g a t 4 "C for 15 min and the pellet resuspended in 1 vol. of the same buffer and passed through the French press. After centrifuging as before the supernatants from both treatments were combined.
(b) Chromatography on DEAE-cellulose. The material was then applied to a column (40 x 2 cm diameter) of DE52 (Whatman) and washed with the same buffer (5 mwpotassium phosphate). The column was then eluted at 4 "C with a linear gradient of 5 to 250 mM-pOtaSSiUm phosphate pH 7.0 (total vol. 1 litre). Fractions with the highest specific activity were combined. Purification was typically 15-fold.
(c) Chromatography on phenyl-Sepharose. The material was made 1 M with respect to ammonium sulphate by slow addition of solid ammonium sulphate. This was then applied to a column (1 5 x 1.5 cm diameter) of phenylSepharose and washed with 1 M-ammonium sulphate in 5 mmpotassium phosphate pH 7.0. The column was then eluted with a decreasing linear gradient of ammonium sulphate (I M to 0 in 5 mwpotassium phosphate pH 7.0). Fractions with the highest specific activity were combined. Purification was typically 10-fold.
(4 Hydroxyapatite chromatography. The material from step (c) was dialysed against 2 mwpotassium phosphate pH 7.0 and applied to a column (8 x 1.5 cm diameter) of hydroxyapatite (Bio-Rad, Bio-Gel HTP) equilibrated in 2 mwpotassium phosphate pH 7-0. The enzyme was eluted with a linear gradient of 2 to 100 m w potassium phosphate pH 7.0 (total vol. 100 ml). Fractions of the highest specific activity were combined and concentrated using an Amicon concentration cell with a Diaflo PMlO membrane to one-tenth of the original volume. Purification was typically 1.5-to 2.5-fold.
This preparation produced overall 250-fold purified 4-acetamidobutyrate deacetylase in a yield of about 10% (Table 1 ). The specific activity of this partially purified material was about 2.3 units (mg protein)-' (assay A).
Polyacrylamide gel electrophoresis. This was done in separation gels containing 7 % (w/v) polyacrylamide, without large pore gels, by the method of Davis (1964) .
Standards for peptide-subunit MR determination were from a Sigma high molecular weight standard mixture (cat. no. SDSdH), and SDS gels were prepared and used in accordance with the Sigma technical bulletin no.
M R determinations.
The MR of 4-acetamidobutyrate deacetylase was determined by molecular dxclusion chromatography on Sephadex G-100 as described by Andrews (1970) . The M R standard proteins were cytochrome c (12400), peroxidase (40000), malate dehydrogenase (70000), citrate synthase (lOOOOO), lactate dehydrogenase (1 30000) and alcohol dehydrogenase (148 000). A second method used was the sucrose gradient centrifugation method of Martin & Ames (1961) , comparing the sedimentation of 4-acetamidobutyrate deacetylase with that of catalase (240000), citrate synthase and lactate dehydrogenase.
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RESULTS
4-Acetarnidobutyrate deacetylase activity in C . boidinii grown on diflerent nitrogen sources 4-Acetamidobutyrate deacetylase activity was found in extracts of C. boidinii grown on a variety of nitrogen sources under conditions when polyamine oxidase and diamine acetyltransferase were also present. In addition, high levels of acetylputrescine oxidase (benzylamine oxidase ; Haywood & Large, 1981) were also observed in these cases ( Table 2) .
Changes in 4-acetamidobutyrate deacetylase activity during adaptation from growth on ammonium to growth on putrescine A culture of C. boidinii grown on ammonium as nitrogen source had no detectable 4-acetamidobutyrate deacetylase activity. If the cells were transferred to medium in which 10 mMputrescine was nitrogen source, deacetylase activity began to increase as soon as growth began, reaching a peak in the mid-exponential growth phase and increasing further when the stationary phase was reached. Diamine acetyltransferase and acetylputrescine oxidase also increased early in the exponential growth phase (Fig. 1) .
Partial puriJication of' 4-acetamidobutyrate deacetylase
The details are given in Methods. The partially purified preparation appeared to account for about 80 to 90% of the total protein when examined by non-denaturing polyacrylamide gel electrophoresis. 4-Acetamidobutyrate deacetylase activity in gels was detected by assaying transverse slices (2 mm) of unstained gel by assay method A. The active band had an R, of 0.65 relative to bromophenol blue. 
Properties of the partia€ly purijied enzyme pHoptimum. The activity was maximal at pH 8 (assay A), but significant activity was detected over a wide pH range (pH 5-5 to 11.5).
Substrate specijicity. The enzyme was relatively specific for acetamidoalkanoic acids from C2 to C6, although low activity was detected with N-acetyl-DL-alanine also. Other N-acetyl compounds showed no significant activity (Table 3) . The K,,, for 4-acetamidobutyrate was 0 . 2 9 m~ (assay D).
Efect of various possible inhibitors. Of the inhibitors tested at 1 mM final concentration (assay B) on€y sodium mersalyl, N-ethylmaleimide and hydroxylammonium chloride showed significant effects. Chelating agents, metal ions, semicarbazide and quinacrine were ineffective.
Stoicheiometry of the reaction. When 4-acetamidobutyrate was incubated at 25 "C in the presence of 4-acetamidobutyrate deacetylase, 4-aminobutyrate and acetate were formed in the test reaction but not in the zero time control and quantitative measurements (Table 4) showed that the stoicheiometry is in accordance with the following equation.
CH3CO. NH(CH2)3COOH + H20 -P CH3COOH + NH*(CH2)3COOH M R of 4-acetarnidobutyrate deacetylase. By using Sephadex G1100 with MR markers in the range 12400 to 148000 (see Methods) a value of 143000 was obtained for the deacetylase (assay Determination of the subunit M R by SDS-PAGE gave a value of 78 500 for the major protein band (although faint impurities were also present).
Occurrence of 4-acetamidobutyrate deacetylase in other yeast species A number of yeast species were grown on putrescine or ammonium as nitrogen source and examined for 4-acetamidobutyrate deacetylase (assay A). Growth on ammonium was associated with very low or no deacetylase activity. Deacetylase was found in all cases where high levels of diamine acetyltransferase and acetylputrescine oxidase were also present (Table 5) . Candida steatolytica however contained deacetylase but not the associated activities.
DISCUSSION
The role of 4-acetamidobutyrate deacetylase in the catabolism of putrescine is clearly demonstrated by its increase in activity before the exponential phase of growth on putrescine begins (Fig. 1) . This fits in well with the scheme we suggested for spermidine and putrescine degradation in a previous paper (Hay.wood & Large, 1985) . The suggested acetylated C3-fragment of degraded spermidine (N-acetyl-P-alanine) would also be a good substrate for this enzyme. 4-Acetamidobutyrate deacetylase occurs when C. boidinii is grown on diamines (C, to C6), spermidine, acetylputrescine and 4-;1cetamidobutyrate, but significantly is absent when the nitrogen source is 4-aminobutyrate (Table 2) . In all cases where it occurs a possible function can be suggested. Its absence from C. boidiniz during growth on lysine might suggest that it is not the enzyme responsible for deacetylation of 5-acetamidopentanoate during lysine catabolism (Gaillardin et al., 1976; Guengerich & Broquist, 1976) (but see below for Candida tropicalis). In general, 4-acetamidobutyrate deacetylasle activity is found in the same organisms that contain high levels of diamine acetyltransferase and acetylputrescine oxidase activity.
The purified enzyme was not homogeneous, but was substantially pure and free of the related enzymes polyamine oxidase and diamirie acetyltransferase. As far as we have been able to ascertain, despite its suggested role in putrescine catabolism in the brain (Seiler & Al-Therib, 1974a; Seiler et al., 1979) , this is the first time that 4-acetamidobutyrate deacetylase has been purified. The enzyme has a similar pH optimum and inhibitor sensitivity to that of the hog kidney N-acetyl-P-alanine deacetylase of Fujimoto et al. (1968) . However, the K , for 4-acetamidobutyrate (0.29 mM) is about 10 times lower than the value of 2.5 mM for the K , for Nacetyl-P-almine of the hog kidney enzyme, and the substrate specificities of the two enzymes are completely different, particularly with regard to the hydrolysis of 4-acetamidobutyrate. Since the enzyme from C. boidinii fails to hydrolyse acetylspermidine or N6-acetyllysine, it must also be different from the enzymes of Libby (1978) and Paik et al. (1957) . The enzyme has a MR of between 122000 and 143000, and is thus probably made up of two subunits of 78500.
